Abstract: When volcanoes are active, there are characteristic signs such as ground movement, sounds, heat and ejected material. Each of these signs is a result of, and hence an information source for, fluid motion in volcanic conduits. Here we briefly review some of the links between these signs and fluid flow processes and suggest future directions that should allow advancement of eruption forecasting as these links become understood more fully. Cross-fertilization between increasingly realistic numerical and experimental models, diverse geophysical data sources, and chemical and physical evidence in eruptive products can be achieved by simultaneously applying these approaches to well-studied volcanoes.
Volcanic activity comprises a wide range of phenomena that result from complex non-linear interactions and feedback mechanisms. Processes that start in the volcanic plumbing system determine the nature of subsequent events and control eruption styles. On emerging from the vent, volcanic material enters the atmosphere and the ensuing interactions are key in determining the consequent transport of volcanic debris that defines the impact on the environment and on human lives and infrastructure. Our capability to mitigate volcanic hazards relies in large part on forecasting eruptive events, and this, in turn, requires a high degree of understanding about the physical and chemical processes operating during volcanism. The ability to interpret surface observations and measurements in terms of subsurface processes is a key step in eruption forecasting.
The flow of magma in volcanic plumbing systems is a prerequisite for surface eruptive activity. For magma flow to take place, force must be applied and pressure gradients must exist. Forces and pressures in magma systems will change with time on a range of scales, resulting in motion of conduit walls that, if sufficiently large, will be measurable. Fluids in motion also exert drag on the walls of a conduit, variations of which will create ground motion (e.g. . Changes in force, pressure and drag may also couple into a range of resonant or other cyclical processes. This suggests that a major source mechanism of ground motion at active volcanoes is magma flow, and that this ground motion may, therefore, be interpreted in terms of fluid flow within the active volcanic conduit.
Volcanoes are largely monitored by measurement of the consequences of fluid flow within conduit systems, including motion of the ground over a wide range of timescales (e.g. Chouet
2003
; Chadwick et al. 2006) , motion of the atmosphere in response to eruption (e.g. Matoza et al. 2007) , thermal signatures (e.g. Ball & Pinkerton 2006) , and the physicochemical nature of ejected material, for example gas chemistry (Burton et al. 2007) , crystal zonation (Blundy et al. 2007) , and pyroclast morphology (Lautze & Houghton 2007) . Many of these natural signals have the same underlying source process, namely the motion of gases, liquids and solids within and beneath volcanic edifices. The linking of passive geo-physicochemical signals to the dynamics of fluids formed the focus of a Workshop entitled 'The Physics of Fluid Oscillations in Volcanic Systems', held at Lancaster University on 7 and 8 September 2006, and seeded the production of this Special Publication.
Fluid flow in volcanoes is a difficult phenomenon to observe in action, especially with increasing volcanic explosivity index (VEI, Newhall & Self 1982; Pyle 2000) . High-VEI eruptions do not happen very often, and the larger the explosion the less frequent it is, with, for example, repeat timescales of order 10 3 years for VEI 6 events such as the Krakatau 1883 eruption. This makes detailed syn-event measurements of large explosive episodes infrequent on the timescale of contemporary science; an event like Krakatau in 1883 has never been monitored by modern methods. Medium-VEI events such as vulcanian explosions frequently destroy near-field observation equipment (e.g. Voight et al. 1998) , suggesting that proximal measurements during high-VEI eruptions are very difficult to obtain even when an event does occur. Processes that contribute to an explosive event are difficult to access directly; a prime example of this is how to obtain data about the nature of flow in the volcanic conduit system during explosive activity. Direct measurements are not possible, and our main source of information is the deformation of the conduit wall created by flow that is unsteady on a wide range of spatial and temporal scales. The current level of understanding of high-VEI events is based on combining information from different volcanoes, which introduces further complexities. However, a small population of accessible, persistently active, low-VEI volcanoes with relatively uncomplicated magma rheology, such as Erebus (Antarctica) and Stromboli (Italy), produce weakly explosive and highly repeatable eruptions on timescales of hours and, therefore, lend themselves to detailed study. Kilauea Volcano in Hawaii is heavily instrumented and continuously active. Dome-building and vulcanian eruptions, such as the Soufrière Hills, West Indies, and Sakurajima, Japan, are currently undergoing intensive study. It is from such lower-VEI volcanoes that the linking of magma flow to measurable effects is most likely. In future, a unified process-based interpretation of passive geo-physicochemical signals honed on low-VEI volcanoes should be applied in order to increase understanding and forecasting of high-VEI events.
The approach taken to gain insight into flow in volcanic conduits relies on field observations and measurements of events, their products and consequences, combined with theoretical analysis and models of processes, and laboratory experimental modelling of materials and mechanisms. Laboratory and numerical approaches may predict currently uninterrupted and undetected volcanic signals, as well as providing knowledge of system behaviour (e.g. Longo et al.; Kurzon et al.; Rust et al.; James et al., 2008) . A range of types of field observations of both volcanic activity and post-eruption volcanic rocks provides the 'ground truth' for numerical and experimental modelling, as well as providing vital historical data. However, using one or two types of field observation in isolation makes it difficult to attribute those observations to a specific fluid-flow source process in a volcanic conduit. A combined interpretation of many types of observation and measurement at individual volcanoes is likely to be a powerful way forward.
Flow of low-viscosity magma
Eruptions that typically occur at Stromboli and Hawaii involve low-viscosity basalt magma. Strombolian eruptions are discrete, gas-rich events that result from the large-scale separation of water vapour from magma. Hawaiian eruptions are longer-lived and relatively continuous events where water vapour and magma are erupted with less separation. See Parfitt & Wilson (2008) for further details and the relationship between eruptive styles and magma viscosity. Ohminato et al. (1998) linked a particular ground deformation signal measured at Kilauea Volcano, Hawaii, to a conceptual fluid-flow source process (Fig. 1) . The key components of this source process were conduit geometry and the presence of two phases of significantly different compressibility, viscosity and density, namely water vapour and silicate melt. The interaction of conduit geometry with gas-liquid flows, where gas bubbles are of similar dimension to the conduit radius, provides a rich vein of source processes with which to generate seismic and acoustic signals.
Inversion of highly repeatable seismic measurements at Stromboli (e.g. Auger et al. 2006; Chouet et al. 2003) suggests that magma motion generates a downward-directed force of about 10 8 N, together with an expansion of the source region (Fig. 2) . Inversion also reveals that the conduit is an inclined dyke. This has important consequences for low-VEI systems where gravity often plays a major role in magma flow. Magma generally contains 1-5 wt% water; however, Strombolian eruptions at Stromboli are much more water rich (Chouet et al. 1974; Blackburn et al. 1976 ). This strongly suggests that water vapour is separating from the parent magma to form the erupted material. The chemistry of gases erupted during the Strombolian activity also suggests rapid separation of magma and volatile (on diffusion timescales) from depths between 900 m and 2.7 km (Burton et al. 2007) , supporting the previous observations.
Intermittent gas-rich eruptions at Stromboli suggest the periodic rise and burst of large overpressured bubbles of water vapour separated by relatively bubble-poor magma. In order to understand how Strombolian eruptions are created, it is critical to study the processes that transform a bubbly magma deep in the volcano to the burst of one large bubble at the surface. Water-gas systems, extensively studied for industrial purposes (e.g. Mudde 2005) , show that large bubbles form by coalescence of many small bubbles when the overall gas volume fraction exceeds about 0.25 (Clift et al. 1978) . However, geometric considerations indicate that the time intervals between large bubble bursts would be similar to burst duration with such a high gas volume fraction. Stromboli erupts for tens of seconds, separated by gaps of tens of minutes , suggesting that other mechanisms operate to promote the formation of gas-rich regions some 1 km or more below the top of the magma column.
One approach to gain understanding of volcanic processes is to carry out small-scale laboratory experiments using liquids and gases analogous to magma. Jaupart & Vergniolle (1988 injected small air bubbles into the base of a flat-roofed, metre-sized tank with a narrow, vertical outlet tube, and filled with a water-based liquid. The small bubbles collected under the tank roof, which acted as a single large trap. This is not unexpected in itself, but the intermittent escape of gas up the vertical outlet tube, as the accumulating bubble layer collapsed, provided a powerful mechanism for creating one large bubble from many small ones when the average gas volume fraction was much less than 0.25. Gas-rich regions erupting at Stromboli are a direct consequence of conduit geometry, and not flow pattern change (i.e., from bubbly to slug (Mudde 2005) ) in a pipe.
Similar laboratory experiments carried out by Ripepe et al. (2001) also showed the presence of pressure fluctuations both within and above the liquid in the tank (Fig. 3) as the foam layer collapsed and gas escaped up the outlet pipe. In volcanoes, pressure changes in the plumbing system result in motion of the rock walls. This motion is detectable as seismic activity; therefore, Ohminato et al. (1998) investigated repeatable, small-amplitude, saw-tooth displacement waveforms of period 1 -3 minutes (lower left panel) that were superimposed on the rising limb of a large-amplitude asymmetric waveform (top left) of approximate period 3 days occurring at Kilauea Volcano, Hawaii, on February 1, 1996. The large waveform was attributed to perturbation of magma flow feeding an eruption at the East Rift. The source of the saw-tooth displacement waveform was constrained to a small volume 1 km below the northeastern edge of the Halemaumau pit crater. The seismic source is interpreted as the slow inflation then rapid deflation of a sub-horizontal crack, but the underlying fluid-flow process is not identifiable from seismic data. One hypothetical source mechanism involves the interaction of conduit geometry with a separated gas-liquid flow. In a conduit of constant dimension, this flow may be completely separated, wavy, or slug flow; however, a constriction limits flow rate when full of viscous liquid increasing the pressure gradient in the constriction (a in right panel). In this condition, pressure upstream of the constriction increases causing the dyke to inflate and generate upward ground motion. Downstream, pressure is likely to decrease at this time. Eventually, the liquid supply into the constriction is exhausted and low-viscosity gas can pass through (b in right panel). The escape of gas, possibly limited by choked flow (M g is Mach number of gas), results in relatively rapid reduction of the pressure gradient in the constriction. Deflation of the upstream dyke section generates the downward ground motion. The process then repeats. (Reprinted with kind permission of AGU.) 8 N is applied to the edifice. Analysis of seismic signals can potentially yield the geometry and motion history of the conduit, but does not 'see' into the conduit to reveal the underlying fluid accelerations. Chouet et al. (2008) provide further interpretation of these data. (Reprinted with kind permission of AGU.) Fig. 3 . The trapping of bubbles at a geometric boundary, and their consequent escape to generate a pulsatory process from a steady input, was demonstrated by Jaupart & Vergniolle (1988 . Such a mechanism may be volcanically relevant where the timescale for gas-liquid separation is short compared to magma residence time in the conduit. Similar laboratory experiments by Ripepe et al. (2001) showed pressure fluctuations above the liquid surface (a) and within the experimental tank (b); the left-hand arrow indicates the start of slug ascent, and the right-hand arrow the time of slug burst. These experimental fluid-flow mechanisms may be likened to seismic and acoustic sources at volcanoes, and illustrate the ubiquity of seismic and acoustic source processes wherever liquid is accelerated, especially in the presence of changes in tube geometry. (Reprinted with kind permission of AGU.) these experiments demonstrated the link between a fluid-dynamic process and a potential seismic source in volcanic systems.
At Stromboli, the trapping geometry is suggested as being between 900 m and 2.7 km below the vent (Burton et al. 2007 ). Chouet et al. (2008) identified a potential trap in the form of a dyke more horizontal than vertical, up which escaping gas travels, which intersects the vent feeder dyke some 900 m below the surface.
Following scaling arguments, Seyfried & Freundt (2000) injected gas into a water-filled column with a larger-diameter reservoir above. It was noted that gas-slug bursting in the column was a quiescent process, but when the water surface was in the reservoir the slug burst was more vigorous. These experiments again emphasized the importance of conduit geometry in determining fluid flow and, therefore, volcano-seismic, acoustic and thermal behaviour. Quiescent slug burst was also observed in vertical and inclined tubes of constant cross-section (James et al. 2004 ), but detailed pressure measurements revealed the presence of pressure oscillations due to bouncing of liquid on the rising gas slug (Fig. 4) . The pressures measured, and the resultant forces generated, could not, however, account for those revealed by analysis of seismic data from Stromboli . Tube geometry, in the form of an upward widening, was found to generate forces and pressures that scale approximately to those measured at Stromboli (James et al. 2006) . Figure 5 illustrates the flow of liquid linked to seismic signals generated at Stromboli. The main physical process is the deceleration of a volume of liquid falling under gravity, which explains why the observed force is downward. James et al. (2006) also found that the force does not have to couple into the conduit in the source region of fluid motion, but into any surface with a horizontal component below the source. This experimental insight indicated that seismic signals do not come from point sources, but instead from regions of the conduit wall. Analysis of seismic data to investigate extended rather than point sources has been developed by Nakano et al. (2007) , and application of this to Stromboli is likely to expand knowledge of the conduit geometry as well as the fluid-dynamic source process. These experiments also demonstrated that conduit geometry is at the root of both the fluid and coupling processes, and explains why the seismic source was invariant in space. Any movement in source position would indicate conduit evolution and heighten expectations of changing eruption behaviour.
In this Special Publication, the analysis of seismic signals from Stromboli (Chouet et al.) is extended to show the presence of a second, deeper source location that further constrains both the geometry of conduits feeding the surface vents and the flow processes operating. This deeper source falls in the depth range for slug formation indicated by gas chemistry (Burton et al. 2007) . Also presented are numerical modelling results of gas slug expansion (James et al.) on approach to the magma surface that controls the explosivity of Strombolian eruptions, and interpretations of acoustic signals (Vergniolle & Ripepe; Vergniolle) measured during Strombolian and Hawaiian activity at Etna Volcano, Sicily, in terms of flow processes in the conduit. Thermal emission during a range of low-VEI events (Marchetti & Harris) at Pu'u 'O'o crater, Kilauea, Hawaii gives insight into nearsurface conduit geometry as well as degassing processes. Fluid motion resulting from convective overturn at several kilometres depth may theoretically produce detectable ground deformation (Longo et al.) and extend the timescale of forecasting larger-scale eruptions.
Flow of high-viscosity magma
The richness of oscillatory processes in volcanic systems intensifies as magma viscosity increases and rheology becomes more complex. Non-linear dependence of magma viscosity on water content and temperature (e.g. Hess & Dingwell 1996) , combined with a yield strength (e.g. Pinkerton & Norton 1995) , strain-rate-dependent viscosity, and transition to brittle solid behaviour at high strain rates Fig. 5 . The subvertical ascent of a gas slug (initial slug length to diameter ratio (L 0 ) is 3.3 in the lower tube, going to 0.38 in the upper tube) through a tube flare is a possible candidate for the fluid-dynamic source mechanism of seismic signals inverted by Chouet et al. (2003) . The shaded region in the lower panel indicates the space-time history of the gas slug and its daughter bubbles after break-up above the tube flare. Slug break-up is caused by the formation of a closing liquid annulus forming a piston. Downward deceleration of this liquid piston produces increasing pressure and force acting downward on the apparatus. Pressure changes in excess of 10% of the static value occur (labelled ASG 4) and show characteristic frequency spectra resulting from multiple stimulated mechanisms (upper panel). The force scales to a value close to 10 8 N (Fig. 2) . Contrast this mechanism with that proposed for a subhorizontal conduit (Fig. 1) . (Reprinted from James et al. (2006) with kind permission of AGU.) (e.g. Dingwell & Webb 1989) , makes these systems less accessible to the use of numerical and analogue models in the interpretation of oscillatory processes. The number density of measurement devices in the study of the Soufrière Hills Volcano (SHV), Montserrat, West Indies (Voight et al. 2006) , is lower than that at Stromboli because of the greater degree of hazard for both personnel and equipment, and because the repeat timescales of events are longer. However, detailed analysis of data from the SHV displays magma flow behaviour different to, and perhaps more complex than, that of Stromboli. One major difference between Stromboli and the SHV is formation of a rheologically stiffened andesite plug in the top few hundred metres of the Montserrat conduit (Sparks 1997 ). This plug forms as water escapes from magma within the upper conduit, increasing melt viscosity and promoting crystal nucleation and growth. Basaltic magma at Stromboli has a lower viscosity and allows gas bubbles to separate readily from the liquid and promote magma circulation; a process that is damped out at higher magma viscosity.
The advantage of more complex ground deformation is that there is more information with which to constrain flow processes. Tuffen et al. (2003) provided rare evidence of a postulated seismic source preserved in rock; namely, brittle fracture and healing during flow of viscous magma. This adds solid-state processes to the list of flow-generated seismic sources. For the SHV, correlated ground deformation over a wide range of frequencies, specifically seismic and tilt signals, to reveal families of waveforms. The source of seismic signals appeared stationary in the conduit, and the tilt signal resulted from overpressure in the conduit as well as wall drag on the upward-flowing magma . Neuberg et al. (2006) proposed a flow model to explain the measured ground deformation (Fig. 6 ) that incorporates the known rheology of viscoelastic magma at SHV. This work illustrates the importance of identifying the physical processes responsible for particular signals in giving clues to subterranean flow that can be used to constrain experimental and theoretical approaches to understanding flow in volcanic conduits. Iverson et al. (2006) modelled the low-VEI flow of magma into the growing 2004-05 lava dome at Mount St. Helens, USA, based on multiparametric data from petrological, gas chemistry, seismic (drumbeat earthquakes), thermal, mechanical property and geodetic sources. These data are consistent with flow in a near-equilibrium stick-slip mode with gouge material mainly sourced from the magma plug. The 2004-05 eruption can be considered as a continuation of the eruptive activity of the 1980s. Inversion of data from a temporary seismic The canonical flow mechanism proposed to explain the relationship between seismic and tilt signals (lower panel) involves the transition from ductile to brittle behaviour as water escapes, causing increases in magma viscosity. The seismic source mechanism is the onset of brittle fracture and plug flow operating on the timescale of the tilt cycles. There is also the possibility that the seismogenic window is geometrically constrained (Chouet 2006, comment at Workshop) ; for instance a conduit narrowing would increase the rate of shear and promote brittle fracture at the flow margin. (Reprinted from Neuberg et al. (2006) , with kind permission of Elsevier).
network (Waite et al. 2008) indicates two seismic sources operating. Waite et al. (2008) interpretation of the drumbeat earthquakes at MSH is not a stickslip process, but the resonance of a steam-filled crack. The crack is likely supplied with water degassing from the magma and vaporized groundwater. These two contrasting interpretations based on large amounts of data demonstrate how difficult complex systems can be to understand.
In this Special Publication, a numerical model of stick-slip processes (Lensky et al.) explores the phenomena underpinning tilt cycles at the SHV. Lane et al. take a complementary analogue experimental approach to understanding flow processes generating the same tilt cycles, and reach a conclusion different to that of Lensky et al., thus illustrating the complexities of this system. Conduit geometry is considered to play a major role in the separation of gas from liquid in lowviscosity magmas, but geometry may also influence the behaviour of more viscous dome-building magmas as shown by seismic evidence (Ohminato, 2008) from Asama Volcano, Japan.
Future directions
Difficulty in both collection and interpretation of volcanic ejecta in the context of flow processes in volcanic conduits is reflected in the paucity of research in this area. Chemical and physical evidence from eruptive products of unsteady processes during flow remains the ultimate test for many proposed source mechanisms. Such evidence could include the physical effects of brittle fracture and viscous healing, gas separation by chemical species, physical structure of pyroclasts, and chemical heterogeneity in phenocrysts and microlites. Collection, analysis and flow-based interpretation of gaseous, liquid and solid ejecta, as well as searching for evidence of flow processes in volcanic rocks, are key future directions in linking the evidence for past flow to specific flow behaviour.
The geometry of the volcanic conduit system appears to play a major role in the source mechanism of a number of different eruptive and oscillatory processes. Knowledge of the influence of conduit geometry on magma flow may provide a means of monitoring changes in geometry and discriminating between different flow behaviours using field measurements. Direct observation of conduit geometry can be made in the field from exhumed dykes, sills and other conduits. However, the force and pressure fields these radiated when active are unknown. Research at Stromboli has shown that monitoring ground motion resulting from fluid flow in active conduits with a network of wide-band sensors has great potential for revealing the size, shape and position of geometrically important zones. Continuation of conduit-imaging work at Stromboli is crucial to understanding the way in which active conduits evolve in time and space, and respond to changes in magma flow rate or nearby slope failure, and how geometry changes can be linked to hazard forecasting.
Oscillatory processes over a wide range of periods are ubiquitous in magma flow. The sources of these processes lie in the physicochemical behaviour of volcanic systems from the surface downwards. In order to gain an understanding of these processes, and therefore improve forecast quality, the forward-modelling link between source mechanism and measurable effect first needs to be strengthened and extended to more volcanoes. This requires cross-fertilization between increasingly realistic numerical and experimental models of fluid-and elastodynamics, spatially and temporally dense field measurements of diverse geophysical signals at all frequencies, and chemical and physical evidence in eruptive products, new and old. Some of these opportunities are in place, and are under rapid continued development, but they will require consistent linking and multigroup collaboration to provide more comprehensive understanding.
